a Semiconductor (SC) quantum dots (QDs) have recently been fabricated by both chemical and plasma techniques for specific absorption and emission of light. Their optical properties are governed by the size of the QD and the chemistry of any passivation at their surface. Here, we decouple the effects of confinement and passivation by utilising DC magnetron sputtering to fabricate SC QDs in a perfluorinated polyether oil. Very high band gaps are observed for fluorinated QDs with increasing levels of quantum confinement (from 4.2 to 4.6 eV for Si, and 2.5 to 3 eV for Ge), with a shift down to 3.4 eV for Si when oxygen is introduced to the passivation layer. In contrast, the fluorinated Si QDs display a constant UV photoluminescence (3.8 eV) irrespective of size. This ability to tune the size and passivation independently opens a new opportunity to extending the use of simple semiconductor QDs.
Introduction
With the breakthroughs over the past decades in Semiconductor (SC) materials and processing, SCs have been critical to rapid development of today's modern electronic and optoelectronic devices. Silicon (Si) and to a lesser extent germanium (Ge) are two examples of materials central to this technological development. On a fundamental level, both these are classed as indirect band gap SCs and therefore are not considered as efficient emitters of high energy light. 1, 2 High energy emission (short wavelength) allows for sharper focus of the light and operation without production of waste heat radiation (unlike infrared light). UV light emitters are therefore of interest in different applications such as compact UV sources, light emitting diodes, biomedical and photodetectors. [3] [4] [5] [6] The discovery of photoluminescence (PL) from porous Si at wavelengths corresponding to red light in the early 1990s changed the understanding of the emission mechanism of Si, opening the possibilities for new optoelectronic applications. 7 In the first instance, the PL in porous Si is interpreted as arising from quantum confinement effects which results in an increase (blue shift) of the optical absorption energy (band gap). 8, 9 In the nanometre size range, quantum confinement appears to play a fundamental role in effecting the electronic structure and optical behaviour of semiconductor quantum dots (QDs). 10 The energy gap between the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) increases as a result of quantum confinement. 11 Although theoretical calculations and some experimental results support this interpretation, 9, [12] [13] [14] [15] it has been challenged by observations that surface passivation also plays a role. [16] [17] [18] Isolated Si QDs in the gas phase do not reveal any visible emission after UV excitation 19 with theoretically zero or close to zero calculated band gap for unpassivated Si QDs. 20 Dangling bonds cause recombination of electrons and holes without emission of light for unpassivated QDs. Conversely, the band gap for passivated QDs (no dangling bonds) is reported to be on the order of several eV. 21 The same argument can be presented for any SC material, with reports confirming these observations for Ge. 22 In SC QDs, owing to the very high surface area to volume ratio, most of the atoms are positioned at or near the surface. Owing to their location at the surface, they are affected by any surface effects or passivation. In turn this yields a substantial modification of the QDs electronic structures and optical properties. 23, 24 It was reported in the early 1990's that H passivation of Si QDs was critical for luminescence. 25 Later studies observed that O passivation (especially SiQO bonds) significantly reduced the optical band gap and visible light emission relative to H passivation for particles below 1.5 nm. 26, 27 In recent years it has emerged through both experiment [28] [29] [30] and theory 24 that the dielectric matrix surrounding the QD plays a decisive role in determining its optical properties. From the results of the bare and passivated Si QDs, it can be concluded that surface passivation in addition to quantum confinement determine the optical behaviour of Si QDs. 16, 31, 32 Therefore, one remaining challenge is to clearly separate the effects of quantum confinement and interfacial chemistry in experimental studies. 24, 33, 34 This interplay between quantum confinement and interfacial chemistry on the optical properties of SC QDs is partly due to limitations in the QDs fabrication processes. Moving beyond Si, Little et al. recently highlighted that the photoluminescence of Ge QDs was attributed to passivation of their surface, typically arising during the fabrication process itself. 22 Examination of literature reveals that several techniques exist to fabricate SC QDs. By far the most popular is the chemical pathway, where the SC cation of a salt is chemically reduced to precipitate out the SC QDs. The challenges facing this pathway are the (i) possible halide (anion of the salt) impurities trapped within the QD, and (ii) fixed passivation due to the ligand stabilisers used in solution. 35 Conversely, chemical vapour deposition using plasma processes has been successfully utilised to fabricate pristine SC QDs. [35] [36] [37] [38] A feed gas of a SC analogue to methane (i.e. SiH 4 or GeH 4 ) is fragmented in the plasma, which recondense into SC QDs. Passivation is achieved by introducing select gases to the plasma, such as H 2 .
The limitation arises for both these techniques that the act of changing passivation concurrently leads to a change in QD size, and typically to change the QD size requires a change in the passivation chemistry. This motivates the need to independently investigate the effect of confinement and passivation on the optical properties of SC QDs, as control of a QD's optical properties has practical importance for device fabrication. Herein, we present DC magnetron sputtering of SC materials into a negligible vapour pressure liquid. The sputtering process allows control of the QD size approaching 1 nm without the requirement for chemical precursors or stabilising agents/ capping ligand molecules. [39] [40] [41] [42] [43] [44] Alternatively the choice of liquid and presence of low partial pressure gases (O 2 ) in the sputter chamber gives control of the surface passivation. As a result, very small QDs are fabricated and readily passivated in the liquid to yield SC QDs with very high band gap. For Si, PL energies are in the UV region. Perfluorinated Polyether (PFPE) was selected as the dielectric matrix into which both Si and Ge QDs were deposited. This optically transparent fluoropolymer has negligible vapour pressure and is chemically inert while containing many fluorine atoms. Furthermore, PFPE does not emit light when excited with high-photon energy; in fact it has been reported as a PL quencher. 45 The presence of fluorine atoms in principal leads to significant impact on the optical properties of SC QDs owing to their large electronegativity and small size; without making any direct bonds with the SC QDs.
Experimental section

Sputter deposition
Fabrication of SC QDs was performed by magnetron sputtering from a 5 00 Â 12 00 rectangular Si target (99.99% in purity) or a 3 00 circular Ge target (99.99% in purity). 2 ml (B1 mm thick) of PFPE (Solvay Solexis, M w : 1800 g mol À1 ) which was dried under vacuum for 24 h was spread on a glass plate (24 cm 2 ) that was horizontally set in the sputtering chamber at a distance of 10.5 cm from the target. Sputtering was conducted under a constant Ar flow rate of 60 sccm and pressure of 2.9 Â 10 À3 mbar.
Sputtering conditions and rates are given in Table 1 . Before the deposition, the target was presputtered, to remove any possible oxide layer and surface contamination, and after sputtering the samples were stored in a desiccator to keep them dry.
To change the surface chemistry of the ejected SC QDs, a low flow rate of 5 sccm O 2 was introduced into the sputtering chamber during deposition for both Si and Ge (under similar conditions to samples B and G, respectively). The pressure during sputtering was 2.97 Â 10 À3 mbar. The voltage of the Si (Ge) target was kept constant indicating that metallic sputtering mode was still in effect (the target surface was not poisoned by the O 2 ). Increasing the O 2 flow rate more than 5 sccm was not possible due to poisoning of the target and the subsequent sputtering of SiO 2 (GeO 2 ).
Sample characterization
UV-vis absorption spectra were recorded between 200 and 800 nm at room temperature on a Cary Varian 5000 spectrophotometer. For the spectroscopic measurements, the PFPE containing the SC QDs was poured into a Helma quartz cuvette with an optical path length of 10 mm. The absorption of PFPE was recorded under the same beam conditions. For PL measurements of the Si QDs the excitation sources was the Third-Harmonic-Generation (THG) of a mode-locked Ti:Sapphire laser operating at 1.65 eV (i.e. excitation was done at 4.95 eV). The pulse duration of the excitation source was about 200 fs and the average power was approximately 30 mW. A thermoelectric cooled photomultiplier tube (TE-cooled PMT) and lock-in amplifier mounted to a 50 cm focal length spectrometer were used. All measurements were done under ambient conditions in a 10 mm quartz cuvette (Starna).
Transmission electron microscopy (TEM) images were taken on a Philips CM 200 FEG apparatus operating at an acceleration voltage of 200 kV. The QDs were studied by TEM directly in the PFPE. The TEM samples were prepared by putting a drop of solution on a copper grid (200 mesh) covered with a lacey carbon film (Proscitech, Australia) and draining the excess of PFPE.
Results and discussion
In the sputtering process the bombardment of a target with an ionised working gas (typically inert gas such as Ar, leading to Ar 
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causes the physical ejection of surface atoms and/or clusters ( Fig. 1 ). In the context of this study, we define the ejected clusters as the QDs. The use of liquid substrates has been reported in place of conventional solid substrates for collecting and stabilizing metal nanoparticles during sputter deposition. [39] [40] [41] [42] [43] [44] However the role of PFPE in this study is not only as the capture medium (due to its low vapour pressure and being chemically inert) for collecting and stabilizing SC QDs, in fact PFPE which contains many F atoms was selected as the dielectric matrix. We show that using the PFPE as the matrix improves the optical properties of resultant SC QDs. In order to confirm the presence of SC QDs, UV-vis and TEM were used. A typical TEM image of sputtered Si QDs into the PFPE is shown in Fig. 1b . The power applied to the Si sputter target (2400 W) for the sample shown in Fig. 1b is much higher than those of other samples in this study, hence the relatively larger particle size of approximately 3-5 nm. These larger particles are more easily detectable using TEM. The detection of Si QDs in the other samples with lower sputtering power was attempted, however the low concentration of the Si QDs and their Brownian motion in the PFPE made TEM imaging challenging.
Due to the low gas pressure there are no considerable gasphase collisions of the sputtered species in the space between the target and the PFPE medium, so condensation of the QDs into aggregates are unlikely. After traversing the vacuum, the QDs deposit into the PFPE to produce a SC QD dispersion. Observation shows that a continuous film does not form at the vacuum/liquid surface, which suggests penetration of the atoms/clusters into the PFPE. Other mechanisms proposed for the sputter synthesis of (metal) QDs in ionic liquids involve injection of very small sputtered clusters, with subsequent coalescence into a QD occurring on the surface or within the liquid. This mechanism has been proposed because different ionic liquids have been shown to create different sized QDs. 39, 46 We propose that due to the smaller size of the sputtered SC QDs compared to the PFPE molecules, the ejected atoms/clusters penetrate the surface of the PFPE without experiencing any nucleation and are stabilized by the PFPE molecules, which completely cover each SC QD. In addition, because the PFPE molecules carry no charge and their stabilization process is not electrostatic repulsion similar to ionic liquid, if the growth happened within the PFPE, the particles should disorder the orientation of the medium and in high concentrations this would lead to phase separation for larger particles.
In Fig. 2 the UV-vis absorption spectra of sputtered Si and Ge QDs in PFPE are shown. A clear absorption edge corresponding to the optical band gap can be found for all of the samples. The absorption spectra indicate that the particles' absorptions are in the UV region. In general, the intensity of the absorption of samples sputtered for 5, 20 and 45 min with 500 W increases with the sputtering time (Fig. 2a) which can be attributed to the different concentrations of Si QDs in the PFPE. Fig. 2b and c show a dependence of absorption with sputter power for Si and Ge, respectively; its relationship will be discussed later. The outcome shows absorptions at significantly higher energies than those of bulk Si (1.1 eV) and bulk Ge (0.6 eV). 47 From the absorption spectrum, the optical band gap energy (E g ) for the SC QDs can be determined according to the Tauc equation (eqn (1)):
where A is a constant; n is the transmission frequency, h is Planck's constant, a is the absorption coefficient and n is a constant associated with the different type of electron transitions. The band gap energy value (E g ) is calculated by extrapolating the largest linear region of the curves to meet the hn axis at (ahn) , corresponding to a direct and indirect transitions, with photon energy (hn) for SC QDs with different sputtering conditions (samples labelled A-H) are shown in Fig. 3 . Examples of such linear fits are also depicted in the inset in Fig. 3 and their respective E g presented in Table 2 . Please note that derivation of two band gaps is possible from Tauc equation, as it was estimated for sample E, corresponding to two main absorption sections. However the higher band gap is considered in the following calculations. The nature of SC QDs band gaps, were determined by a simple model which was described by Meier et al. 49 From comparing the direct and indirect plots one can observed that indirect plots are linear over a wider range of photon energy while the direct plots are limited to only few data points which suggests that the sputtered Si and Ge QDs show indirect behaviour. Size of the sputtered Si QDs with respect to their indirect band gap energies was determined using Delerue equation. 12 Size of Si QDs are also presented in Table 2 . Considering a spherical geometry, and the calculated size of the QDs, an estimated number of atoms, ranging from 30 (sample A) to 38-78 (sample E) can be determined. The sputtering conditions (power applied to the target, time, Ar pressure, etc.) are important factors which can have a great influence on the size of QDs. In our system the influence of the sputtering power and time on the optical properties of QDs were investigated with respect to Si. As Fig. 2a and Table 2 show sputtering for longer time increases the concentration of Si QDs in the PFPE and does not significantly change the size of the particles. Similar behaviour was observed for sputtering metal nanoparticles into ionic liquids. Torimoto et al., 39 Suzuki et al., 50 Hatakeyama et al. 51 and Wender et al. 46 reported that increasing the sputtering time only yielded an increase of the metal particle concentration without changing the physical size of the particles. However, increasing the power, which is related to the energy and the number of atoms ejected from the target per second, from 500 W to 1100 W is more pronounced in regards to formation of larger particles (similar observations for Ge QDs). The discharge voltage was observed to increase from 448 V to 550 V. Wender et al. also suggested that increasing the discharge voltage, resulted in the formation of larger metal particles in castor oil. 52, 53 Most of the work that has been conducted in the area of SC QDs has focused on H or O passivation of Si QDs with a limited number of papers investigating the UV-light emission from Si QDs. Wilcoxon et al. reported PL emission in the range of 4.13-1.8 eV for sub-Bohr radius Si passivated with H (excited at 4.84 eV). 54 The Bohr radius is used as one measure of the QD size below which confinement effects are typically observed observed PL emission in the UV-blue region (4.00-2.38 eV) when Si clusters in the 2-5 nm size regime were passivated with alkyl chemistry. 57 Tilley et al. reported an emission peak at 3.7 eV for 1.8 nm AE 0.2 nm Si QDs when excited at 4.27 eV. 58 Shirahata et al. synthesised silicon terminated hydrocarbon chains with 4.13-2.25 eV PL, 59 and emission from passivated
Si with alkoxy monolayers in the range of 4.13-2.75 eV. 60 These studies suggest the potential of Si QDs in UV light source applications, up to approximately 4.1 eV. In our system, the Si QDs are covered with F atoms. However, because the F atoms are already bound to the polyether structure, it is assumed that no direct bonding occurs between the Si and F. The high electronegativity of F (3.98) coupled with the small covalent atom radius (0.64 Å, second smallest atom after H) is hypothesised to be the reason why the Si QDs are still observed to behave as if they were directly passivated. F atoms not only can affect the electron cloud of the other atoms it covalently bonds to, but also influences other bonds within its vicinity. This phenomena is referred to the ''environmental effect'' of an atom on the next nearest neighbours (in this case Si). 61 These properties of F is the reason for HF etching resulting in H-terminated Si surfaces rather than F-termination, despite the bond energy of Si-F being nearly twice that of Si-H. 62 The prior literature reported band gaps of F passivated Si QDs which are lower than our optically measured band gaps. For instance, Yong et al. 31 observed that when F atoms were present on the surface of Si QDs (o2 nm), the band gap energy decreases from the values observed for H passivation. Theoretically calculated band gaps of F passivated Si QDs by Zhou et al. indicates that the electronegativity of F causes an unequal shift of both HOMO and LOMO leading to a decrease in the band gap (again compared to H). 63 In all mentioned cases Si QDs were directly passivated by F, however in our system because of the F being bound within the PFPE molecule, the Si QDs are merely in close proximity for F atoms to influence the electronic structure of Si without any direct bonding. It should be noted that PFPE contains O and C atoms and due to the ''environmental effect'', the influence of O and C on optical properties of Si QDs cannot be ruled out. Contamination of the surface by O is ruled out, as our synthesis route was conducted in a pure Ar environment, and PFPE has very low solubility for O. 64 In addition no H was present during our synthesis process. We hypothesise that in such a confined system, the energies of electrons and holes in the HOMO and LUMO leads to the formation of sub-band energies which provide a possible reason for such an increase in the band gap of the Si QDs. In our system the band gap energies increase with lower sputter power; both these suggest a decreasing in size of Si QDs, and hence consistent with the quantum confinement effect. Commensurate with this is the increasing band gap for Ge QDs, with values determined to be 42.5 eV. This is higher than those previously reported. 65 To test the hypothesis of Si and F interaction in the absence of direct bonding, attempts were made to change the surface chemistry of the Si QDs by introducing low partial pressures of O 2 gas into the sputtering chamber during deposition. Fig. 4a reports the change of the QD band gap when O 2 was added to the system. Two band gaps can be estimated from the sample which was synthesised in Ar and O 2 . The higher band gap (4.48 eV) is in good agreement with that determined from the previously sputtered QDs at 500 W for 20 min. This is due to the large portion of Si QDs that are completely covered by F atoms (Fig. 4c) . The smaller band gap (ca. 3.37 eV) is hypothesised to be for partially O passivated Si QDs (Fig. 4d) . Note that isomer a-Si 31 was presented in Fig. 4 purely for illustration purposes only, and does not imply any particular crystallinity for the QDs. Likewise, Ge QDs sputtered at 80 W in presence of a mixture of Ar and O 2 exhibit two different band gaps (Fig. 4b) . Both band gaps, estimated at 3.50 and 4.13 eV, are higher than that of the F-passivated Ge QDs (2.89 eV), and could be indicative of two different partially O passivated Ge QDs. This simple experiment shows that slight changes in surface chemistry of the SC QDs leads to a change of optical properties and confirms the important role of the host matrix in the final properties of the resultant SC QDs. Moreover, the resultant changes in The PL spectra of all sputtered Si QDs were obtained when excited at 4.95 eV at room temperature. Fig. 5 shows PL peaks centred at 3.81 eV for all of the samples. A long wavelength tail is present in all samples to varying degrees and is hypothesised to arise from different surface chemistries of the QDs. In this case the surface of a sub-population of Si QDs are not perfectly covered by F atoms and partial coverage by C and O atoms of PFPE lead to near UV/blue emission peaks. The PL wavelengths in the UV region is not widely reported for Si, with Shirahata et al. recently commenting that UV emission requires oxide free Si QDs and accurate control of size (o2.5 nm). 60 Their observation and the UV emission of the sputtered Si QDs presented here confirm that the Si QDs are required to be not only oxide-free but also smaller than 2.5 nm, in agreement with our size predictions. The PL spectra of sputtered Si QDs shows that increasing sputtering power does not have any influence on the peak light emission. As the size of Si QDs increases in sample E, the PL energy remained constant, suggesting that the effect of surface chemistry prevails over that of quantum confinement in this size regime.
Comparing the absorption and emission energies of sputtered Si QDs one can observe that the PL redshifted relative to the absorption. This shift which is also called the Stokes shift defines as (eqn (2)):
where E absorption is the difference in the energy required to excite the cluster from its ground state to the first excited state and E emission is the energy released during electronic relaxation.
There are various reasons for the Stokes shift such as different spatial envelope function symmetry between electron and hole and non-resonant absorption due to presence of large size variation in the sample. 68 However, discussion regarding the plausible mechanism for the Stokes shift is outside the scope of this paper. The calculated Stokes shifts for all samples shows the same behaviour as band gaps. As the size of the cluster increases in sample E, the Stokes shift decreases, similar to the observations of von Behren et al. 69 Surface state or self-trapped excitons 70 are two possible reasons for increasing Stokes shift with decreasing the size. However the previously reported Stokes shifts show that surface passivation is an important factor in determination of Stokes shifts. 67 Sputtered Si QDs shows a Stokes shift up to 0.8 eV which is similar to the calculated Stokes shifts of H passivated Si cluster/QDs by Puzder et al. 67 Our hypothesis is that the indirect passivation of Si QDs surface with F atoms is responsible for such a behaviour of Si QDs. Therefore, if quantum confinement was the only reason for the PL by increasing the size of the Si QDs, the PL energy should increase, exactly as predicted by quantum confinement. The constant energies of PL for all of the sputtered samples even with larger size (sample E), can be considered as the effect of surface chemistry. So in this case we believe that surface chemistry is powerful enough to counter the quantum confinement effect.
Conclusions
In conclusion, we have presented the synthesis of SC QDs using DC magnetron sputtering into negligible vapour pressure, transparent PFPE oil. This combination allows for independent control of the QD size (sputtering conditions) and surface passivation (liquid chemistry and partial pressure gases in the sputter chamber). As a result very high band gaps for Si QDs are realised when the size approaches 1 nm and passivated with F. Ge QDs have shown higher band gaps when O passivated. In the case of Si QDs, the PL has been observed in the UV region, without doping or direct passivation of the QD surface. The ability to simply synthesise pristine SC QDs and tune their optical properties through surface chemistry and/or confinement effects opens opportunities for their use in a range of high energy (optical or thermal) applications.
